1 . Introduction. - The real structure of grain boundaries is a topic of great theoretical interest and practical importance. Modern metallic-based materials are normally utilized in technological practice in a polyphase polycrystalline form. In such a form the distribution of phases and of defects is of major importance in controlling material properties. T o understand the r81e of grain (or crystal) boundaries in determining properties and the influence they have on the development of microstructure during thermomechanical processing, it is essential to develop a clear picture of grain boundary structure. Further, it is necessary to be able to determine at least some aspects of this structure experimentally.
This article seeks t o look, in outline, at the development of theoretical models of grain boundary structure concentrating on findings that have been subject to experimental verification. The aim is to see to what extent current theoretical models are capable of describing the type of grain boundary structure seen in practical polycrystalline materials.
2. Early models. -Current thinking on the structure of grain boundaries perhaps begins with the transition lattice model of Hargreaves and Hill 113. This model envisages atoms in the boundary region existing in sites which are transitional between sites defining the crystals on either side of the boundary. A considerable number of attempts at refining this model were made, notably amongst them was the island model of Mott [2] . This approach was successfully applied to the underWritten whilst on leave at Afdeling der Werktuigbouwkunde, Technische Hogeschool Twente. Enschede, Netherlands. standing of a number of boundary dependent processes (e. g. [3] ).
Further development of the transition lattice model occurred and in particular efforts were made to apply dislocation models to boundary structure. For the low angle grain boundary there is considerable evidence supporting the Read and Shockley model which envisages these boundaries as comprised of arrays of matrix dislocations. However, for high angle grain boundaries the difficult problem of core overlap precluded extensive development of such models [4] .
In essence, the early approaches to grain boundary structure considered all high angle boundaries as having similar structure regardless of the relative orientation of the two grains and the plane of the boundary. Consideration of the crystallographic parameters of the boundary has lead to major developments in the theoretical treatment of boundaries. These developments are outlined in the next sections.
3.
Coincidence. -A first stage in the understanding of boundary geometry came when it was realised that certain angular misorientations about specific axes of misorientations lead to the formation of a lattice of coincident points common to the two grains [SJ. This resultant coincident site lattice extended across any grain boundary. Relatively early on, it was shown that the presence of boundaries in coincidence orientations could lead to properties which differed from those of other boundaries (e. g. [6]). It became common to refer to boundaries as special or general depending on the degree of coincidence between the abutting grains.
A further aspect of coincidence was recognized when the orientation of the boundary plane with respect to the coincidence site lattice was considered. Brandon et a1. [7] suggested that the boundary when following planes of high density in the coincidence site lattice might show good fit and demonstrated this aspect by some preliminary field-ion experiments. From this idea of boundary plane coincidence they also predicted the presence of grain boundary ledges and suggested that small angular deviations from perfect coincidence might be allowed for by introducing sub-boundaries of dislocations [7, 81 . The idea of boundary coincidence was greatly extended by Bishop and Chalmers in their coincidence ledge approach [9] , and experimental observations of dislocations in the coincidence site lattice were made by Ishida [ 101. These approaches considered the macroscopic crystallography of the boundary but did not involve detailed considerations of the boundary structure after relaxation. Further, an approach based on the coincidence of lattice sites is discontinuous with misorientation and what is' sought is a model capable of describing the structure of all grain boundaries. In essence the aim is to generalise the type of treatment initially produced for special boundaries.
4. The Bollmann approach. - The most mathematically elegant and detailed treatment of grain boundary structure arose from considerations by Bollmann [ I 1 , 121 . Bollmann extended the idea of coincidence of lattice points to coincidence of any points within the cells of the two grains and thus produced his << o >> lattice of coincident interstitial points. Here the coincidence site lattice is a natural special case of this approach. In order to treat the most general cases by this technique it proved essential to work with reduced components of the << o >> lattice where << o >> points with similar pattern surrounds were considered.
This formulation essentially sees << o >> points as centres of regions of match or fit with regions (or cell walls) between them being misfit regions. In some cases it is anticipated that this misfit would be taken up by primary dislocations whose lines would be the intersection of the cell waHs with the boundary plane. Further dislocations (referred to as secondary intrinsic type) would be expected in the general case and these would have small Burgers vectors which are partials of the nearest coincidence site lattice. These secondary intrinsic dislocations maximise the registary between the two crystals at the boundary and are also referred to as D. S. C. (Displacement Shift Complete) dislocations.
The Bollman approach is much the most general and, in particular, it stresses the periodic nature of the grain boundary structure. Much evidence from transmission electron microscopy of precisely oriented bicrystals supports this overall model (e. g. [13, 141) . However, to apply this model the boundary orientation parameters must be known with great precision and such precision is often not possible in studies of polycrystalline material.
5. The structural unit model. - The structural unit model envisages the boundary structure as made up of repeating units (e. g [15] ) ; the size of the repeating pattern becoming smaller as a coincidence orientation is approached. In essence the starting point for the structural unit approach is the type of coincidence ledge structure envisaged by Bishop and Chalmers [9] . The structural unit model then considers the relaxation of this structure and in particular allows the computation of this relaxation (e. g. . An alternative dynamic computation of grain boundary structure has recently been made [21] .
6. Planar matching model. - Pumphrey was the first to suggest that boundary structure might be related to the match/mismatch of plane stacks across the boundary [22] . Subsequently this model was developed and evidence produced for its support 1231.
The starting point for .this model is the acceptance that the axis of misorientation is a common direction in the two crystals. In all but the triclinic system there is a multiplicity of choice of axis of misorientation but normally an axis can be chosen which is normal or nearly so to a low index stack of planes. If the axis of misorientation is precisely normal to such a set of planes then the stacks on either side of the boundary will be accurately parallel (Fig. l a ) . If the axis deviates from such a configuration it is equivalent to saying that these plane stacks are no longer precisely parallel and the resulting small deviations can be considered as the superimposition of small twist components ( Fig. l b ) andlor, small asymetric tilt components (Fig. Ic) . These small twist and tilt components bring the plane stacks on either side of the boundary into disregistrary and where this disregistrary is small it can be accommodated by the formation of dislocations with in planer Burgers vectors ( Fig. 1 d) ; analogous to those proposed by Frank and Van der Merwe for two-phase interfaces (see [23] ).
The planar matching model is a particularly appropriate way of analysing data from highly textured polycrystalline aggregates. Further, it is possible to consider the intersection of more than one set of plane stacks at the boundary and as a result derive a complete description of the geometrical mismatch [23] . From this it is then possible t o predict the manner in which this mismatch will relax and, as in the case of the Bollmann approach, the general result will be three sets of intrinsic dislocations.
It is perhaps important to realise that the planar matching model is equivalent to the Bollmann Here the descriptions by Bollmann or by the planar matching model lead to the same description. It can also be shown that the coincidence ledge and structural unit descriptions yield similar descriptions. For a planar section of boundary these intrinsic dislocations will be expected to be periodic ; in this way the overall strainfields will be reduced.
In practical materials other non-equilibrium components will have t o be considered. These components will arise due to the interaction of other grain boundaries (i. e. arise from the fact that the 'polycrystal is a three-dimensional array of grains); due to the interaction of other defects (principally matrix dislocations) with the grain boundaries ; and due to the interaction of solutes and impurities with t h e grain ,boundaries.
Thus, in addition to arrays of intrinsic dislocations, a grain boundary in a polycrystalline aggregate will be expected to contain other defect structures. Topographical discontinuities such as grain boundary nodes, changes in grain boundary plane, steps and ledges will be expected. The steps and ledges may arise due to massive slip interaction with the boundary, may represent an attempt on behalf of the boundary to follow low energy planes or may represent a frozen-in stage of grain boundary migration.
Interaction of matrix dislocations with a grain boundary is a complex process. Recently a number of studies of this process have been made (e. g. [25, 261, Howell, Jones, Horsewell and Ralph (unpublished)). This interaction, of a matrix dislocation with a grain boundary, leads to the formation of one or more extrinsic dislocations. These extrinsic dislocations have the same Burgers'vectors as the underlying intrinsic dislocations but longer range strain fields because they perturb the periodicity of the intrinsic structure (this is manifested by increased contrast in an electron microscope image). Extrinsic dislocations are formed when dislocations run-in or are driven into the grain boundary during deformation and have an important r61e in the mechanism of recrystallisation (Howell, Jones and Ralph (unpublished)). Extrinsic dislocations are important in the mechanism of grain boundary sliding [25j and have been shown to be preferential sites for the precipitation of carbides in austenitic steels [27] .
To these geometrical defects must be added those arising from the interaction with solutes. Thus a grain boundary in a practical polycrystalline material is expected to be comprised of the following defect types : a ) intrinsic dislocations b ) extrinsic dislocations c ) topographical discontinuities d) precipitates and other solute interactions. We might reasonably expect the presence of solute to stabilize the non-equilibrium components of the boundary structure.
It remains to determine what percentage of boundaries in a polycrystalline aggregate would be expected t o show this type of structure. On the basis of random orientations, theoretical predictions have been made as to the percentage of boundaries which might be expected to show structure (e. g. [8, 281). These theoretical predictions suggest that a relatively low percentage of structured boundaries should be encountered. However, a recent series of experimental observations showed that in a particular material and state 78 % of the boundaries showed structure which could be resolved in the electron microscope 1291. It seems that the percentage of boundaries exhibiting structure is sensitively related to the degree of texture in the material and preliminary experiments to determine this inter-relation are in progress [30] .
In the remaining section the experimental observations of boundary structure using transmission electron microscopy are considered.
Experimental observations of grain boundary
structure. -In order to reveal both the equilibrium and non-equilibrium components of grain boundary structure using transmission electron microscopy, a number of imaging modes must be used [31] . Of the available imaging modes weakbeam, boundary diffraction and double diffraction are particularly useful in establishing periodic and non-periodic components. The results of applying such techniques to the study of grain boundary structure in a commercial awtenitic steel have been reported [29] . In the remainder of this section, consideration is given to the structures observed in a variety of materials in a number of thermomechanical states. Figure 2 is a bright-field electron micrograph from a specimen of niobium stabilized 20 % chromium 25 % nickel austenitic stainless steel. A faceted boundary is apparent and on this boundary determining the origins of voids which lead to the failure of tungsten lamp filaments [32] . In this micrograph one of the sets of grain boundary dislocations is clearly apparent as is a row of small voids pinning the boundary. Figure 4 is from a study of the recrystallisation process in-stabilized austenitic stainless steels [33] . an array of MoirC fringes is seen. These fringes are formed due to the (< beating D between the nearly parallel (31 ])A and (222)~ planes. The fringes do not directly reveal a component of the relaxed structure but are useful in determining overall compphents of the geometry. Figure 3 is from a partially recrystallised sample of tungsten lamp filament wire. This micrograph, one of a sequence taken from this particular boundary in a variety of operating diffraction conditions. is part of an overall study aimed at This mici.ogra@h was taken in t h e , weak-beam imaging mode for the upper recrystallised grain leaving the lower unrecrystallised grain out of contrast. The intrinsic dislocations are clearly resolved and the complex topography, largely due t o interaction with small precipitates, is clearly seen from the way the intrinsic dislocation spacing varies from one plane segment t o another,., Another aspect of this study of the mechanism of recrystallisation is revealed in figure 5a and 5 b, whic,h show, in of extrinsic dislocations in austenitic stainless steels. A large carbide on the left-hand side of this micrograph is acting as a dislocation source and the resultant dislocations, seen in bright contrast in this weak-beam micrograph, run towards and interact with the boundary. Each matrix dislocation leads to the formation of two extrinsic dislocations which were then seen to glide along the boundary. bright-field and centered dark-field respectively, single variant back twinning into the recrystallised material from a boundary between recrystallised and unrecrystallised material. Complex topography at the head of an advancing annealing twin, formed during recrystallisation, is shown in figure 6 . relatively easy to show that extrinsic dislocations (as here) and topographical discontinuities are the major sites for precipitation [27] .
The micrographs presented above demonstrate that the structure of grain boundaries can be thought of in terms of the simple classification of defect types given in section 7. A current interest is the r81e of grain boundary structure in phase transformations and twinning.
Initially this study was aimed at a theoretical evaluation of the r81e grain boundary dislocations might play in the martensitic transformation from f. c. c. -+ h. c. p. in cobalt-base alloys. Here it was shown that the necessary partial dislocation arrays could be produced by suitable combinations of grain boundary dislocations [34] . A further experimental stage of this investigation is now under way and figures 9a and 9b are from this study. Both these micrographs are from partially transformed cobalt 0.25 wt % boron samples. Figure 9a shows the nucleation of stacking faults at twin boundaries in f. c. c. material. Figure 9b shows the nucleation of stacking faults at a grain boundary in f . c. c. material and on the insert it can be seen that the retained partials at the start of the faults are parallel to the intrinsic boundary structure. cc equilibrium >> configuration. These models all L predict that some percentage of boundaries will show a periodic arrangement of intrinsic dislocations. As yet these theoretical models are insufficiently refined to determine the full pattern of relaxations expected and it is also true to say that no experimental technique has the required resolution to resolve all these relaxations. It is to be hoped that refinements in the area of computer modelling will add important information in this area.
Whilst our victure of the idealized boundarv. sav 
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between crystals in an especially grown bicrystal, is relatively complete, the structure of boundaries in real polycrystalline materials is only just beginning to receive attention. This paper has attempted t o show that boundaries in this case will contain not only the equilibrium components (intrinsic structure) but will also contain non-equilibrium components as well. These non-equilibrium components may just be a transitory feature (although in their own right very important in determining for instance grain boundary sliding) or they may be stabilized by solutes and precipitates. DISCUSSION D. A. SMITH : Dr. Ralph did not give any crystallographic data to characterise the boundaries he described. Can we conclude that for the experiments described the important factor is that dislocations exist in grain boundaries and that the details of the structure do not exert a profound influence.
B. RALPH : Basically the answer to your question is yes. Obviously we have some crystallographic data for all the boundaries we have studied. However, only in very favourable circumstances are we able to measure the main five crystallographic boundary parameters with sufficient precision to match these to the density and burger's vectors of the intrinsic (D.S.C.) dislocations.
My main thesis is two-fold : a ) The vast majority of boundaries are seen to contain intrinsic structure. When we are able to make sufficiently precise crystallographic measurements then the arrays of dislocations seen are as would be predicted from an << 0 >>/D.S.C. description (or any of the other geometrical models which are special cases of Bollmann's approach -such as the Planar Matching Model). b) From the stand point of .boundary dependent properties, I believe it is now becoming clear that it is the non-equilibrium boundary defects which are of most consequence. These defects are describable as perturbation to the intrinsic structure.
Ph. MAITREPIERRE : The experiments that you described concerned precipitate nucleate at grain boundaries in materials thermomechanically treated. Would your conclusions about the respective role of extrinsic defects and G.B. structure be valid for simpler cases i. e. polycrystalline materials after soaking or homogenizing treatments ? B. RALPH : In my oral presentation I mentioned our work on precipitate distributions (reference number 27 of the formal contribution). In my view the data I referred to illustrated the main thesis of my formal presentation -that is that the nonequilibrium boundary defect components are those which are of most importance in controlling boundary dependent properties in real materials. In my opinion this remark would be equally valid for the cases which you quote. In general, for instance extrinsic defects have much longer range strain fields than do the intrinsic components. Thus they A PRACTICAL APPROACH TO THE THEORETICAL STRUCTURE OF GRAIN BOUNDARIES C4-79 have a more major role in attracting in impurities, etc.. . Soakinglhomogenising treatments may contribute to an overall reduction in the concentration of non-equilibrium components of boundary structure.
D. MC LEAN : To improve stastitics of metallurgical structure I recommend using the 1 MV electron microscope, which can examine up to 50 x the volume of sample that can be examined by a 100 kV microscope. At the NPL we have measured structural quantities with the same degree of reproduceability with which ordinary mechanical properties can be measured.
B. RALPH : I would agree that it is possible to study a larger volume of material with a 1 MV electron microscope than with a conventioned 100 kV machine although I regard your figure of 50 x as somewhat high. For some cases I would agree that there would be a real advantage in using this expensive technique.
However, some disadvantages should also be noted. For instance image contrast is much more complicated in the million volt machine and it would far more difficult to perform our high resolution contrast analysis. Also, in these technological materials real problems could be encountered due to the overlap of images from the various defect structures. In other words the extent of planar section of boundaries in our case is very small.
In my view, scanning transmission electron microscopy at 100-200 kV may prove much more useful in such studies than 1 MV machine. Not only is the penetration good with these devices but it is possible to combine chemical analytical facilities and also to enhance contrast in weak beam mades electronically.
J In general I agree with your comment. I would, however, stress that in my opinion it is the non equilibrium components (which have long range strain fields) which are largely responsible for attracting in solutes. The major of the intrinsic structure, as I see it, is in aiding the redistribution of solute within the boundary.
